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Superhard phase composed of single-wall carbon nanotubes
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Single-wall carbon nanotubéSWNT’s) have been studied under pressure up to 55 GPa. We report experi-
mental data on irreversible changes of mechanical and structure properties of SWNT under pressure. The new
superhard phasé€SP-SWNT composed of single-wall carbon nanotubes has been studied which exhibits a
bulk modulus exceeding or comparable with diamond and hardness belongs to the range between cubic BN and
diamond. The SP-SWNT were synthesized by applying a shear deformation under load in a diamond-anvil cell;
the procedure of stress tensor variation. After intermediate phase transitions, single-wall carbon nanotubes are
transformed to SP-SWNT at pressure of 24 GPa. The transformation is accompanied by irreversible changes in
the Raman spectra. The nanotubes do not collapse at least up to pressure GBa&Ram pressure of the
study). Bulk modulus of 462 to 546 GPa was found out for SP-SWNT from the comparative study of pressure
dependence of the Raman modes of SP-SWgh-energy mode-1590 cmi %) and diamond1333 cni?).

This value exceeds the bulk modulus of diamddd0 GPa for single diamond crystaHardness measure-
ments were performed using nanoindentation technique. Hardness of SP-®2/MT150 GPawas found out
from comparative study of SP-SWNT, diamond and cubic BN.
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Theoretical and experimental studies give the value oheous phasesee, for example, Ref. 5, and references
Young’s modulus for single-wall carbon nanotuld€VNT)  therein. At the phase transition, a steplike anomaly of the
(Ref. D in the tera-Pascal rang®efs. 2 and B Capability  radial pressure distribution in the samitiie to volume and
of carbon for the forming o6p® bonding between curved elastic modulus jumpappears for the case of nonhydrostatic
graphite(sp? bonded sheetsRefs. 4—10 provides a possi- compression. According to the procedure described in Ref. 5,
bility for creation of superhard carbon nanocluster-based mathese anomalies were detected for pressures df11419
terials. Polymerization of nanotubes vi@® bonding and +1, and 24-1 GPa. The pressure was measured by the
possible structures were studied theoretically in Ref. 4. SPruby-fluorescence procedure. Ruby particlds-3 um in
SWNT with sp® intertube bonding are expected to havesize were deposited onto the working surface of the dia-
highly anisotropic mechanical and electrigahetallic and mond anvil. Specimens were loaded in the gasket without a
semiconductarproperties while exhibiting superhard mate- pressure medium.
rial characteristics. The sample state while under pressure was registered by

Under hydrostatic conditions graphite does not transfornrRaman scattering. The Raman spectra were recorded using a
to diamond at least up to 80 GPawhile stress tensor varia- Jasco NRS-2100 triple mate spectrometer equipped with a
tion (by applying shear deformation under lgdelads to di- charge-coupled detector by Raman microscope system and
rect transformation of graphite to diamond at a pressure oéxcited by the 514.5 nr2.41 e\j line of an argon ion laser.

17 GPa at room temperatuteSuccess in ultrahard fullerite  Raman spectra of nanotubes under different pressures in the
synthesis at 18 GPa at room temperature using stress tens®DAC are plotted in Fig. 1. Spectra are appropriate to SP-
variation in a shear diamond anvil cé8DAC) demonstrates SWNT in unloading cycle. Spectrum of SWNT is plotted for
the advantages of this proceddrén the present study the comparison. Unfortunately, the 1344 chrband of the nano-
same procedure was successfully applied for synthesis of SRibes are obscured by the Raman scattering from the dia-
SWNT. mond anvils for pressure up to 15 GPa. Under more high

The SWNT bundles used in this study were obtained fronpressure it is difficult to separate shifted 1594 and 1344%cm
Tubes@RicegRice University in Houston, TX The nano- bands with high enough precision because of lines broaden-
tubes are composed of a nearly random mixture of arm-chaiing and low intensity of 1344 cit band.
zig-zag, and chiral helicities. The mean tube diameter of 1.2 Pressure dependence of diamond Raman band was mea-
nm is obtained by the manufacturing procedtiand is ap-  sured for comparison. First-order Raman spectra was col-
propriate for our Raman measurements. lected from the Sum-size region of diamond anvil close to

In SDAC controlled shear deformation is applied to athe sample. The experimental procedure is described in detail
specimen under pressure by rotation of one of the anvilin Ref. 14.
around an axis of load. The application of shear deformation Hardness measurements of SP-SWNT after pressure treat-
(stress tensor variatiprdecreases the hysteresis of a phasement were performed using Nanoindentation Syst&ii'S
transformation and makes it possible to obtain a homogeSystems Corporatigrequipped with Berkovich diamond in-
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64 treatment(24 to 55 GPa It is possible to conclude from the
Raman spectra that the nanotubes do not collapse under pres-
sure of at least 55 GPa: since the SWNT band positions are
not changedonly are broaden The peculiarities of spectra

g also differentiate it from other known types of graphitic and

‘ amorphous carbon materidfsBecause of bands broadening,

instead of four bands in the high-frequency region for SWNT

[at 1551, 1568, 1592, and 1598 chFig. 3a)] it is possible

to resolve only 1561 and 1598 ¢thbands for SP-SWNT

using Lorentz multipeaks fitFig. 3(b)]. These bands give

maximum at 1594 cmt in both spectra. The most distinctive
evidence of existence of nanotubes after 55 GPa pressure is
presence of low-frequency radial breathing mode of SWNT

(Ref. 17 at 188 cm * in the spectra of SP-SWN[Fig. 3c)].

The sample was scanned using both micro- and macro-
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1500 1800 Raman equipment with laser spot size from 1 to48. In
. p all spectra the band 188 crhexists with the same relative
Raman shift, cm intensity. So, we attribute this band to SP-SWNT.

. . Essential changes in the Raman spectra are associated
theFIS% Alc ?ui'}:g:jﬁ%egilgf igﬁ?:gy;eur;(:gggﬂz;egtn(gtr:rstﬁges 'With the 1344 cm? band: the relative intensities of the in-
with top) 55, 36, 18, and 2.5 GPa. Spectra of SP-SWNd&cond tens;ahband(5188,'&15.684016/594%tanctihsecond-ordgr 267{1?nth
from bottom) and SWNT (bottom spectrumare plotted for com- are . e §ame ,W' In o a er_ e compressmn, while the
parison. relative intensity of the 1344 cht band increased by an
order of magnitude. A decreasing of the Raman inter(&igy

. a factor of 2 or morgafter relatively low(5.2 GPa pressure
denter. Because of small thickness of sanpleout 20um) was mentioned in Ref. 18. The second order spectra of SP-

and numerous cracks arose in the sample upon pressure Ky /NT and SWNT are plotted in Fig(®.

lease, the hardness was measured at penetration depth abOulrp e ig 4 direct relationship between the phonon density
40 nm. To increase validity and precision of data, dlamondOf states for graphite and SWNE nanotube is formed by
face (100, cubic BN f‘?‘ceiloo% and (111 were measured rolling up a graphene sheet to a cylinder and that gives the
at the same penetration depth for comparison. Force-dep ssibility of applying the zone-folding method for calcula-

indentation curves of SP-SWNT, diamond fgd®0), cubic -
L » “UDIE tion of the phonon modes of nanotub®sOn the analogy of

BN faces(lQO} gnd(lll) anq fq;ed silica are plotted in Fig. yostormation of graphite Raman spectrum with decreasing
2. The possibility and peculiarities for correct hardness mea; crystal siz€2°2Twe attribute the features of SP-SWNT
surements .Of superh_ard materials at this small penetr""ti0§bectra(relative intensities and broadening of the bands
de%’ are ﬁ'scussed " Rff- 15t- Cthe SWNT leads 10 broadt344: 1568, 1594, 2674, and 2917 dnto the changes of

_'he high pressure treatment oftn€ SV 1eads 10 Droade, i\ selection rules. It is important to stress that there are
ening and redistribution of band intensities in the Ramar}10 changes of the band positions of SP-SWNT relative to
spectra. Shown in Fig. 3 are spectra appropriate to virgir‘SWNT (includin ; ~ :

. ; g breathing mode of at 188 ¢i}). This fact

SWNT [Fig. @] and to SP-SWNTFig. 3(b)]. The spectra ives a base to consider SP-SWNT as perturbed SWNT. The

of SP-SWNT after unloading do not depend on pressur ormation of superhard phase may occur by internanotube

bonding?

3.2 The perturbation is possible to attribute to internanotube
= 2.8 bonding? This mechanism is known not only for fullerfte
€ 04l but for graphite sheets, t30.
‘9’2.0_ Important information about the bulk modulus of SP-
g 161 SWNT can be derived from the pressure dependence for the
3 12] modes in high-energy range of the Raman spe@tea, the
& 0.8 bands around 1590 cm). In Fig. 4 the pressure dependence
§ 0'4_ w/wg for the wy=1594 cm ! band(as mentioned above, it
- consists from several bands plotted. The bulk moduluB

) 30 40 is calculated from the equatiopn= (B/w;)dw/ P (1), where
vi is the Gruneisen parameter for a quasiharmonic mode of
frequencyw; (Ref. 23. In general, the scaling parametgr

FIG. 2. Force-depth indentation curves of SP-SWiitarked ~~1 for the covalently bonding group IV semiconducfdrs
by solid circles, diamond face100) (marked by hollow squargs and particularly for graphite/=1.06 (Ref. 24 to 1.11(Ref.
cubic BN faces(100) (marked by hollow circles and (111) 25 and for diamondy=0.96 (Ref. 26. Recently, the
(marked by cross¢sand fused silicgmarked by hollow triangles ~ Gruneisen parameter gf=1.24 was calculated for SWNT.
are plotted. It is important to note, thaty=1 is expected only for the
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mode~1590 cm ! that is analogous to the graphigy(G) For determination of bulk modulus of SP-SWNT, we have

mode. This mode is characteristic ®p? bonding®* At the  used data appropriate to sample treated by pressure above 25
same time for the disorder induced breathing mode of graphgpa and shear deformation. These data are marked by solid
ite, the A14(D) band at~1340 cm*, y=1.9 according to circles in Fig. 4. No hysteresis is seen in the pressure depen-
Ref. 25. The pressure dependence of this mode for the nangence of SP-SWNT. This is direct evidence that transforma-
tubes also differs from the 1594 crhband. Under pressure tion of the nanotubes is irreversible.

the mode shifts to a frequency nearer to the characteristic pregsyre dependence wiw, for diamond Raman band

sp* ba_nd(Figr.] D. d q fth Tdpand Wo=1333cm ! measured at the same conditions is plotted
In Fig. 4, the pressure dependence of the 1594'dand 'k 4 for comparative study of bulk modulus. Appropriate

is plotted over the entire pressure range. Data appropriate E(& diamond points are marked by stars. Accidentally. the
SWNT and the first and second SWNT phases are marked b Lessure dep%ndence for the diam)c/)nd and the SP—SWBI/\’IT Ra-

hollow circles. Changes in slopgholiow circley indicate man bands are very similar with high accuracy in Fig. 4. In

phase transitions at pressures oft14 19+1, and 24 . . .
+1 GPa. The pressure dependence about 6@Pa for this case bulk modulus of SP-SWNBg is proportional to

SWNT 1594 cm® band under pressure below 14 GPa isthat of diamondBy: Bs=1s/y4Bq from Eq.(1) whereys is
consistent with data reported in Ref. 28 for SWNg,7  Cruneisen parameter for SP-SWNT apglis diamond Gra-

cm YGP3: the shift agrees with the pressure dependence dfiSen parameter. Consequently, the bulk modulus of SP-
the high-energy modes of isolated nanotubes undePWNT exceeds bulk modulus of diamond 1.1 to 1.3 times,

compressiorf®% depending on choice of: experimental data for graphene
sheet or calculated value for SWNT.
o1.08l e According to Ref. 29 bulk module of single diamond
2 o @y crystal is 420 GPa. Thus, for SP-SWNT bulk module is 462
£ ..’"ngl P
£ 406 . '\.':‘:-l . to 546 GPa.
@ o v e af?’-"'* ' Hardness measurements of SP-SWNT were performed us-
S 1 04. gs” %fn;ﬁl s, e ing Nanoindentation System. To increase precision and va-
g 5,,*.";-{8' * lidity of hardness data, a procedure of calibration against
< /02 g%}f;;“ﬁa T material with known hardnegstandargiwas used. This pro-
-% ’ ,%’i ' cedure was elaborated in detail in Refs. 8, 30, and 31.
g 5:’ e Nitrogen-free diamond single crystal[face (100], 1-mm-
T 1'000 10 20 30 40 50 size cubic BN single crystalfaces(100) and (111) (Ref.
Pressure (GPa) 32)] and fused silica were used as standard materials. By
definition hardnesgH) is calculated with the relatiotd
FIG. 4. The pressure dependence of the 1594 civand of = P/S. Pis load to the indenter arfflis the projected area of
SWNT (hollow circles, SP-SWNT (solid circles, and diamond contact. If we compare indentations in different materials
(stars. (with hardnessH; and H,) with the same value o8 (or
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penetration depth using the same indentaethen H;  stresses can lead to cracking. Removing detailed statistic
=(P,/P,)H,, whereP; and P, are appropriate loads on analysis of hardness to our future publications, we report in
indenter. Results of hardness measurements of SP-SWNihe present manuscript only range of hardresigsimum and
diamond,c-BN and fused silica are plotted in Fig. 2. maximum hardnegsfor SP-SWNT. Especially the result is
Hardness calibration measurementsceBN and fused  graphic: minimum SP-SWNT hardness appropriate-8N
silica were performed at indentation depth aboyirh. The  while maximum hardness appropriate to diamond.
hardness values aeBN (111) are 66-1 to 73+ 1 GPa de- Load-displacement curves for SP-SWNT appropriated to
pending on orientation of indenter relative to crystallo-the confines of the range are plotted in Fig. 2. The lower
graphic axis of sampléso-called hardness anisotropg-BN  ¢ve of SP-SWNT(minimum hardnegscorresponds with
(100 is 62+ 1 GPaleffect of anisotropy for the Berkovich the curve ofc-BN face (100) and upper corresponds with
indenter is not so strong as fét1) face], fused silica is  pitrogen-free diamondface (100)]. Hence, the hardness of
12+0.5GPa. According to recent datahardness of Sp.SWNT belongs to the range 62 to 150 GPa and permits
nitrogen-free diamonface (100 belongs to the range 140 s tg attribute SP-SWNT to the class of superhard materials.
to 160 GPa depending on anisotropy hardness effect. Sincé pigh mechanical properties of SP-SWNT, namely, bulk
three-sided pyramidal Berkovich indenter is not sensitive tqyoqulus (462 to 546 GPpexceeding or comparable with
anisotropy in cubi¢100) face, we use for estimation of hard- giamond and hardne$62 to 150 GPabelongs to the range
ness average value 150 GPa. _ . between cubic BN and diamond, preservation of Raman
All calibration measurements were performed with opticalyznds of SWNT in SP-SWNT along with the bands broad-

polish quality of surfaces including diamofde have used a ening and absence of new bar(dsthin the detection limiy,
diamond anvil. Because sample of SP-SWNT was synthe-gre characteristic for the new phase.

sized using flat diamond anvils, no special preparation is

necessary for hardness measurements of the sample. This work was supported by the Frontier Carbon Technol-
Hardness data of SP-SWNT reveal large scattering. Possgy Project, which was consigned to JFCC by NEDO. We

sible reasons of the scattering are both structure heterogentitank Dr. T. Taniguchi for samples of cubic BN and Dr. Y.

ity and microcracks in the sample. As the sample was forme®@hkubo(JASCQ for providing us with preliminary Raman

under high pressure and upon unloading, large internaineasurements.
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